Obscurins, encoded by the single OBSCN gene, are giant cytoskeletal proteins with structural and regulatory roles. The OBSCN gene is highly mutated in different types of cancers. Loss of giant obscurins from breast epithelial cells confers them with a survival and growth advantage, following exposure to DNA-damaging agents. Here we demonstrate that the expression levels and subcellular distribution of giant obscurins are altered in human breast cancer biopsies compared with matched normal samples. Stable clones of non-tumorigenic MCF10A cells lacking giant obscurins fail to form adhesion junctions, undergo epithelial-to-mesenchymal transition and generate 4100-μm mammospheres bearing markers of cancer-initiating cells. Obscurin-knockdown MCF10A cells display markedly increased motility as a sheet in 2-dimensional (2D) substrata and individually in confined spaces and invasion in 3D matrices. In line with these observations, actin filaments redistribute to extending filopodia where they exhibit increased dynamics. MCF10A cells that stably express the K-Ras oncogene and obscurin short hairpin RNA (shRNA), but not scramble control shRNA, exhibit increased primary tumor formation and lung colonization after subcutaneous and tail vein injections, respectively. Collectively, our findings reveal that loss of giant obscurins from breast epithelium results in disruption of the cell-cell contacts and acquisition of a mesenchymal phenotype that leads to enhanced tumorigenesis, migration and invasiveness in vitro and in vivo.
INTRODUCTION
Obscurins comprise a family of giant, multidomain, cytoskeletal proteins originally identified in striated muscles where they have key roles in their structural organization and contractile activity. [1] [2] [3] The human OBSCN gene spans 150 kb on chromosome 1q42 and undergoes extensive splicing to give rise to at least four isoforms. 4, 5 The prototypical form of obscurin, obscurin A, is 720 kDa and contains multiple signaling and adhesion domains arranged in tandem. 1 The NH 2 -terminus of the molecule contains repetitive immunoglobulin (Ig) and fibronectin-III (Fn-III) domains, while the COOH-terminus includes several signaling domains, including an IQ motif, a src homology 3 domain, a Rho-guanine nucleotide exchange factor and a pleckstrin homology (PH) domain, interspersed by non-modular sequences. In addition to obscurin A, the OBSCN gene gives rise to another large isoform, obscurin B or giant (g) MLCK (Figure 1a ), which has a molecular mass of~870 kDa. 4, 5 Obscurin B contains two serine/threonine kinase domains, which replace the non-modular COOH-terminus of obscurin A. 6 The two serine/threonine kinases may also be expressed independently as smaller isoforms, containing one (~55 kDa) or both (~145 kDa) kinase domains. 7 Early sequencing analysis of 13 023 genes in breast and colorectal cancers identified 189 candidate genes that were highly mutated. 8 Of the 189 candidate genes, TP53 and OBSCN were the only commonly mutated genes in both tumor types. 8 Additional analysis of OBSCN revealed a germline mutation in glioblastoma and novel somatic mutations in melanoma tumors. 9 Moreover, whole genome array analysis of gastrointestinal stromal and leiomyosarcoma tumors indicated that the differential expression of OBSCN and PRUNE2 is a reliable two-gene expression classifier that can distinguish the two tumor types. 10 We recently showed that obscurins are abundantly expressed in normal breast epithelial cells, where they localize at cell-cell junctions, the nucleus and in cytoplasmic puncta coinciding with the Golgi membrane, but their expression is markedly diminished in breast cancer cells. 11 Downregulation of giant obscurins in nontumorigenic MCF10A breast epithelial cells via shRNA technology conferred them with a survival advantage following exposure to DNA stress, due to reduced apoptosis, indicating that obscurins may have key roles in breast tumor suppression. 11 Moreover, obscurin-KD MCF10A cells acquired a mesenchymal appearance and exhibited increased cell scattering compared with control cells, which formed epithelial clusters. 11 Given that such phenotypic alterations are associated with major changes in the formation and stability of adherens junctions (AJs), we herein examine the role of giant obscurins in intercellular adhesion. 12 Our studies document for the first time that the expression profile of giant obscurins is dramatically altered in advanced stage human breast cancer biopsies and that loss of giant obscurins from breast epithelial cells leads to disruption of AJs, induction of epithelial-to-mesenchymal transition (EMT) and acquisition of stem-like characteristics resulting in increased cell motility and invasion in vitro and tumorigenicity and metastasis in vivo.
RESULTS

Expression profile of giant obscurins in human breast cancer biopsies
We used fluorescent immunohistochemical methods and confocal imaging to investigate the expression profile of giant obscurins in human biopsies of invasive ductal carcinoma (IDC), which accounts for 480% of metastatic breast cancer, compared with normal matched samples, using an antibody that recognizes epitopes present in Ig domains 58 and 59 of obscurins A and B (Figure 1a ). Obscurins are expressed in the ductal and lobular epithelium of normal breast tissue, where they exhibit membrane localization, with prominent concentration on the luminal side of epithelial cells in larger ducts and lobules (Figure 1b, arrow) . In contrast, they are nearly absent from matched invasive ductal breast cancer tissue of grade ⩾ 2, with residual obscurins accumulating in large cytoplasmic puncta throughout the tumor mass ( Figure 1b To further elucidate changes in the expression levels of giant obscurins in human biopsies, we employed western blotting using an antibody that detects epitopes present in Ig domains 65 and 66 ( Figure 1a ). Analysis of protein homogenates prepared from age-, sex-and stage-matched normal and invasive ductal or infiltrating lobular carcinomas revealed a dramatic reduction in the amounts of giant obscurins A and B in the carcinoma specimens (Supplementary Figure S1a, top panel). Moreover, we consistently observed downregulation of an additional immuno-reactive band with a calculated molecular mass of~600 kDa that potentially corresponds to a novel giant obscurin isoform Obscurins are present at the cell membrane in normal samples, where they exhibit prominent luminal distribution (b, arrow). The expression of obscurins is significantly reduced in IDC grade 2 biopsies with residual proteins accumulating in cytoplasmic puncta (b', arrowhead) but not in IDC grade 1 biopsies, where they are readily expressed at the plasma membrane (c'). Figure S1a , middle panel). In agreement with this, the complete sequence of a novel obscurin isoform of human origin was recently deposited in the Ensembl database (accession number: ENSP00000355668) with a predicted molecular mass of 611 kDa that starts in Ig31. Interestingly, homogenates prepared from cancer biopsies of either ductal or lobular origin contained smaller immunoreactive bands ranging in size between 300 and 90 kDa, which were absent from homogenates prepared from paired normal samples (Supplementary Figure S1b) . These smaller obscurin forms may be novel, still uncharacterized, obscurin proteins or degradation products of giant obscurins due to the presence of missense or nonsense mutations in the OBSCN gene. [8] [9] [10] Collectively, our findings indicate that the expression levels of giant obscurins are markedly diminished in breast cancer biopsies of both ductal and lobular origin, whereas residual obscurins, potentially representing mutant and/or truncated forms of giant obscurins, accumulate in large cytoplasmic puncta.
(Supplementary
Obscurin-knockdown (KD) breast epithelial cells form mammospheres with stem-like characteristics
To study the role of giant obscurins in breast epithelium, we generated stable MCF10A obscurin-KD cell lines using shRNA constructs (shRNA 1-4) targeting different sequences within the common NH 2 -terminus and middle portion of giant obscurins A and B. 11 In the current study, we utilized stable MCF10A clones transfected with obscurin shRNA-1 or shRNA-2 plasmids, which exhibited robust downregulation of giant obscurins (Figure 2a , upper part, arrows), while the expression of smaller isoforms remained unaltered (Figure 2a , lower part). We previously found that KD of giant obscurins from MCF10A cells bestows them with a survival advantage following exposure to DNA-damaging agents. 11 We thus examined whether loss of obscurins also affects the survival of MCF10A cells in anchorage-independent conditions. Stable clones of MCF10A breast epithelial cells depleted of giant obscurins using shRNA-1 or shRNA-2 were allowed to form mammospheres in serum-free media and ultra-low attachment plates. Obscurin-KD MCF10A cells formed robust mammospheres 4100 μm, while control cells stably transduced with scramble shRNA failed to do so (Figures 2b and c). To further investigate their self-renewing capabilities, primary mammospheres were dissociated and plated as single cells in 96-well culture dishes under similar culture conditions. Approximately 80% and 40% of obscurin shRNA-1 and obscurin shRNA-2 MCF10A cells formed secondary mammospheres ranging in size between 50-100 μm and 25-50 μm, respectively ( Figure 2d ).
Given that cultured mammospheres are often enriched in breast cancer-initiating cells containing the cell surface signature CD44 + /CD24 − , 13 we examined the presence and relative abundance of CD44 + /CD24 − cells in MCF10A obscurin-KD primary mammospheres using flow cytometry. Approximately 40% of obscurin shRNA-1 or obscurin shRNA-2 MCF10A cells stained positive for CD44 and negative for CD24 compared with o1% of adherent control shRNA and obscurin shRNA-1 or obscurin shRNA-2 monolayers (Figures 2e and f) . Thus, loss of giant obscurins from breast epithelial cells provides a survival and growth advantage in anchorage-independent conditions and leads to acquisition of stemness.
Downregulation of giant obscurins in breast epithelial cells disrupts AJs and results in EMT
Loss of giant obscurins from MCF10A cells results in acquisition of a mesenchymal phenotype and increased cell scattering, 11 both of which are associated with altered cell junctions. 14 We thus analyzed the expression profile of various proteins within the cell-cell junctions of MCF10A cells stably expressing obscurin shRNA-1. We observed a dramatic decrease in the amounts of E-cadherin (98%), β-catenin (82%) and α-catenin (38%), whereas the levels of p120 catenin were significantly increased (114%) (Figures 3a and g) . Similar results were obtained with MCF10A cells stably transduced with obscurin shRNA-2 (Supplementary Figure S2a ). Consistent with the immunoblot analysis, immunostaining of obscurin-KD MCF10A cells revealed a dramatic reduction of E-cadherin, β-catenin and α-catenin from the cellcell contacts (Figures 3b and e'). Although residual E-cadherin assumed a homogeneous cytosolic distribution, residual βand α-catenin exhibited discontinuous distributions at the cell-cell contacts. Notably, remaining β-catenin also showed nuclear accumulation (Figure 3c ', arrow). In contrast, p120 catenin localized at the cell-cell junctions similarly to control cells. Collectively, these results indicate that loss of giant obscurins markedly alters both the expression levels and subcellular distribution of proteins within AJs.
We subsequently investigated whether MCF10A cells stably transduced with obscurin shRNA-1 undergo EMT. We observed a significant increase in the amounts of major mesenchymal proteins intimately associated with EMT, such as N-cadherin (175%) and vimentin (125%) (Figures 3f and g) . Consistent with this, the expression levels of transcriptional regulators of EMT, including Slug (435%) and Twist (394%), were elevated (Figures 3f and g). In contrast, the amounts of junctional epithelial proteins, such as claudin-1 (100%), zona occludens-1 (ZO-1; 62%), connexin-43 (82%) and plakoglobin (88%), were drastically reduced (Figures 3f and g). Analysis of the expression levels of the same battery of proteins in MCF10A cells stably transduced with obscurin shRNA-2 yielded similar results (Supplementary Figure  S2a ). The concurrent increase in the expression levels of mesenchymal proteins and decrease in the expression levels of epithelial junctional proteins indicate that loss of giant obscurins induces EMT in breast epithelial cells. Interestingly, the use of siRNA technology to downregulate the expression of the EMT transcriptional regulators Twist and Slug in obscurin-KD MCF10A cells failed to or partially reversed their EMT phenotype, respectively. In particular, the expression levels of E-cadherin, β-catenin, N-cadherin and vimentin were unaltered following downregulation of Twist (data not shown). On the contrary, KD of Slug resulted in decreased expression of N-cadherin and increased expression of β-catenin, while the E-cadherin and vimentin levels remained unaltered (Supplementary Figure S2b ). These findings indicate that the sole downregulation of either Twist of Slug is not sufficient to reverse EMT in MCF10A cells lacking giant obscurins.
To further validate that loss of giant obscurins from breast epithelial cells results in EMT, we used siRNA technology to transiently downregulate their expression in 184A1 human mammary epithelial cells (HMEC). At 72 h posttransfection, we observed 470% downregulation of giant obscurins in cells treated with obscurin siRNA targeting domain Ig60, compared with cells treated with scramble control siRNA (Supplementary Figure S2c ). Similar to MCF10A obscurin-KD cells, 184A1 HMEC obscurin-KD cells exhibited reduced expression of β-catenin and E-cadherin (Supplementary Figure S2c ). Thus 184A1 HMEC obscurin-KD cells also undergo EMT due to downregulation of giant obscurins.
Loss of giant obscurins increases F-actin dynamics at the cell-cell contacts
Given the disruption of the AJs in conjunction with the mesenchymal phenotype that obscurin-KD MCF10A cells acquire, we next assessed whether there are changes in the distribution and dynamics of actin filaments. Use of phalloidin staining to visualize actin localization in obscurin-KD cells revealed the presence of filopodia-like protrusions, enriched in actin filaments, emanating from the edges of the cells; such membrane protrusions were nearly absent in control cells, which contained actin bundles surrounding the circumference of the cells (Figures 4a and a'). In light of these alterations, we quantified actin dynamics at the cell-cell junctions using fluorescence recovery after photobleaching (FRAP). LifeAct-GFP (LifeAct-green fluorescent protein) was expressed in~80% confluent monolayers of MCF10A cells stably transduced with control or obscurin shRNA-1 (Supplementary Figure S3 ) in order to visualize actin in live cells. Fluorescence intensity due to LifeAct-GFP expression was very intense at the cell-cell borders of MCF10A control and obscurin-KD cells, prior to photobleaching (Figures 4b and c, 'prebleach' panel). However, it was markedly attenuated in the exposed region, following photobleaching ( (Figure 4d ) revealed that the mobile fraction of LifeAct-GFP molecules was considerably larger in obscurin-KD MCF10A cells relative to control cells (Figure 4d ), whereas no significant difference was noted on the half-life of LifeAct-GFP recovery (Figure 4e ). Collectively, these data indicate that loss of giant obscurins from MCF10A cells results in the formation of membrane protrusions highly enriched in actin filaments, which exhibit increased dynamics compared with control cells.
KD of giant obscurins in breast epithelial cells promotes migration and invasion
We next investigated whether the alterations in actin dynamics in obscurin-KD MCF10A cells are associated with an increase in cell migration and invasion. Fluorescence imaging of LifeAct-GFP indicated that obscurin-KD, but not control, cells displayed increased migration and persistence along 2-dimensional substrates (Supplementary Video S1, Supplementary Still Image S1). To quantitatively study the migratory potential of obscurin-KD MCF10A cells, we first used a wound-healing assay in which stable clones of control or obscurin shRNA-1 cells were plated on collagen, fibronectin or uncoated wells. MCF10A cells lacking giant obscurins exhibited significantly increased directional migration as a sheet compared with control cells, after a 12-h incubation period either in the presence of collagen or fibronectin ( Figure 5a ). A marked difference between obscurin-KD and scramble control cells was also detected in the absence of a substrate, indicating that obscurin-KD cells are capable of migrating in a substrateindependent manner, presumably due to their inability to form stable adhesion contacts.
We then evaluated the effects of obscurin-KD on single cell motility through microchannels of varying widths (that is, 3, 10, 20 and 50 μm) using a microfluidic-based migration chamber combined with live-cell phase-contrast imaging (Figure 5b ). [15] [16] [17] [18] Obscurin-KD MCF10A cells migrated faster (Figure 5c , Supplementary Video S2, Supplementary Still Image S2) and more persistently (Figure 5d , Supplementary Video S2) than scramble control MCF10A cells, as evidenced by their higher migration velocity and chemotactic index, which represents the ratio of the net cell displacement to the total distance traveled by the cell. MCF10A cells stably transduced with obscurin shRNA-2 showed similarly increased migration in both wound-healing and microchannel assays compared with scramble control cells ( Supplementary Figures S4a-c) .
We also examined the invasive potential of obscurin-KD MCF10A cells through a Matrigel-coated chamber. Similar to the wound-healing and microchannel assays, loss of giant obscurins dramatically increased the invasiveness of MCF10A breast epithelial cells (4400%) compared with scramble control cells (Figures 5e and f). Additionally, MCF10A cells expressing obscurin shRNA-2 showed increased invasive capabilities (4700%) compared with control cells ( Supplementary Figures S4d and e ). Notably, at 16 h, which is the time point that percentage of invasion was measured (Figures 5e and f and Supplementary  Figures S4d and e ), scramble control and obscurin shRNA-1 or shRNA-2 transduced cells did not exhibit statistically significant differences in their proliferative capacities (Supplementary Figure S4f ).
Taken altogether, our data demonstrate that loss of giant obscurins from breast epithelial cells significantly increases their migratory and invasive potentials.
Downregulation of giant obscurins promotes tumorigenicity and distant colonization in vivo
Because loss of giant obscurins in MCF10A cells is associated with increased growth and stemness as well as induction of EMT and increased motility and invasiveness in vitro, we examined its effects on tumorigenicity and distant colonization in vivo. As the MCF10A mammary epithelial cell line is highly resistant to tumor development, multiple genetic alterations are typically needed to promote robust tumor formation. [19] [20] [21] For this reason, we used an MCF10A cell line that stably expresses an activated form of K-Ras to provide a weakly tumorigenic background to test the specific contribution of obscurins (or lack thereof) to tumor progression. [19] [20] [21] We first assessed the tumorigenic potential of MCF10A cells stably expressing active K-Ras oncogene and obscurin shRNA-1 (Ras/Obsc shRNA-1) or K-Ras and scramble control shRNA (Ras/ctrl shRNA) in a subcutaneous model; notably, the presence of K-Ras did not affect the expression levels of giant obscurins in either control shRNA or obscurin shRNA-1-transduced cells as shown by immunoblotting analysis (Supplementary Figure  S5 We then examined the ability of Ras/Obsc shRNA-1 or Ras/ctrl shRNA MCF10A cells to form lung tumors in a lung colonization (tail vein injection) model. Indeed, all (6/6) mice injected with Ras/Obsc shRNA-1 cells via their tail vein exhibited high levels of lung micrometastases (68 to 4100 foci per section) by 9 weeks postinjection (Figures 6c, d and f) . In contrast, of the six mice injected with Ras/ctrl shRNA cells, three (3/6) had no micrometastases, while three (3/6) developed few lung metastatic foci (Figure 6e ). On the contrary, only two out of the six mice (2/6) injected with Ras/ctrl shRNA cells displayed appreciable levels of human DNA (Figure 6e ). Collectively, our findings indicate that loss of giant obscurins in the presence of an active oncogene markedly potentiates the tumorigenic and metastatic potentials of breast epithelial cells.
DISCUSSION
Cancer is a disease caused by alterations in multiple genes, which promote cell growth, decrease apoptosis and increase cell motility and invasion. 25 Recently, we identified that downregulation of giant obscurins in breast epithelial cells results in increased cell survival following exposure to DNA stress due to decreased apoptosis, implicating giant obscurins as potential tumor suppressors. 11 We herein demonstrate that loss of giant obscurins also provides mammary epithelial cells with a growth advantage as seen by the ability of obscurin-KD cells to robustly form both primary and secondary mammospheres. Notably,~40% of the primary mammosphere population bears the CD44 + /CD24 − signature, which is indicative of cell stemness, thereby suggesting that loss of giant obscurins leads to enrichment of a cell population with tumor-initiating potential. Consistent with these observations, giant obscurins exhibit markedly reduced expression in higher grade (grade ⩾ 2) human breast cancer biopsies of ductal and lobular differentiation, suggesting that their loss may correlate with undifferentiated, more aggressive and metastasisprone tumors. Interestingly, when residual obscurins, representing truncated and/or mutant forms, were detected, they exhibited a cytoplasmic punctate distribution, potentially corresponding to lysosomal accumulations.
A critical step in cancer progression is the disruption of AJs, resulting in decreased cell-cell adhesion, which promotes motility and contributes to the invasion and metastasis of cancer cells. [26] [27] [28] In our prior work, we observed that obscurin-KD cells displayed increased cell scattering commensurate with a more mesenchymal appearance compared with control cells, which formed epithelial sheets. 11 We herein demonstrate that this phenotypic alteration is accompanied by reduced expression and disrupted localization of major epithelial junctional proteins like N-cadherin, β-catenin, connexin-43, plakoglobin and claudin-1. Disruption of the E-cadherin/β-catenin complex increases the pool of cytoplasmic and nuclear β-catenin, which can induce the initiation of aberrant Wnt signaling. 29, 30 Nuclear β-catenin, in conjunction with T-cell factor and lymphocyte enhancer transcription factor, promotes the transcription of multiple genes, which in turn can lead to abnormal cell cycle progression and uncontrollable growth. 31 KD of giant obscurins in MCF10A cells resulted in near loss of β-catenin from cell-cell junctions that was accompanied by accumulation of residual protein in the nucleus, suggesting that loss of giant obscurins may result in increased cell survival and growth due to deregulated β-catenin-mediated transcription. It is noteworthy that most of the changes we observed in the expression levels of junctional proteins do not correspond to similar changes in their transcript levels (Supplementary Figure  S2d) , indicating that giant obscurins may have key roles in maintaining and stabilizing proteins in the cell-cell junctions. This is reminiscent of the scaffolding role of giant obscurins in striated muscle cells, where they provide binding sites to diverse cytoskeletal and membrane-associated proteins via their tandem adhesion and signaling motifs. 1, 32, 33 The disruption of AJs occurring at the onset of cancer metastasis is followed by EMT, a process through which epithelial cells dedifferentiate, and acquire a mesenchymal phenotype that increases their motility and invasiveness. 14, 34 Loss of giant obscurins from MCF10A cells results in a significant increase of the amounts of major mesenchymal proteins, such as N-cadherin and vimentin, and of the transcriptional regulators Slug and Twist. Interestingly, Slug and Twist are known transcriptional repressors of E-cadherin expression, 35, 36 suggesting that their upregulation may be contributing to changes seen in the E-cadherin levels. Our findings thus reveal that giant obscurins are critical to maintaining the junctional organization, polarity and stability of breast epithelial cells, therefore precluding their dedifferentiation followed by the accumulation of mesenchymal proteins.
The acquisition of EMT is accompanied by increased cell motility and invasion 14 and is thought to enable tumor cells to migrate from the primary tumor to distant secondary sites. 37 Obscurin-KD MCF10A cells exhibit increased and persistent migration, as evidenced by wound-healing and single-cell migration assays. Metastasizing tumor cells are also capable of degrading and invading through the surrounding basement membrane of distant organs and tissues. 38 Indeed, downregulation of giant obscurins promotes cell invasion through a Matrigel chamber. It therefore appears that loss of giant obscurins from breast epithelium may contribute to multiple steps during tumor formation and metastasis.
Enhanced cell migration is accompanied by increased formation of actin-rich protrusions, such as filopodia, at the leading edge of the cell, which are required for cell propulsion. 39 The formation of these protrusions is used by cells to extend forward into their surroundings and is accompanied by increased actin dynamics. 40 Loss of giant obscurins in mammary epithelial cells resulted in the formation of numerous filopodia-like protrusions near the regions of cell-cell contact. FRAP analysis revealed increased actin dynamics in obscurin-KD cells relative to controls. Thus the increased migratory potential of obscurin-KD cells appears to be due to altered cell-cell junctions and increased actin dynamics. The Rho family of GTPases and their regulators are involved in cell motility. 41 Giant obscurins contain a RhoGEF motif, which specifically activates RhoA, a major regulator of actin microfilaments. 42 It is therefore plausible that loss of giant obscurins leads to deregulated RhoA signaling, which has been intimately associated with the development and progression of metastatic breast cancer.
Loss of giant obscurins in the presence of active K-Ras imparts tumorigenic, migratory and invasive capabilities to breast epithelial cells, as demonstrated by the rapid formation of large primary tumors in a subcutaneous model and lung trapping in a lung colonization model. Importantly, Ras is insufficient to transform MCF10A cells to a fully tumorigenic and metastatic phenotype in mice. 20 However, co-expression of Ras and Bmi-1, a stemness-inducing factor, promotes MCF10A tumorgenicity and metastasis in vivo. 19 Similarly, our findings demonstrate that concomitant loss of giant obscurins and expression of active Ras result in the rapid formation of primary and distant tumors, which exhibit morphological (that is, size 41 cm 3 ) and histological (that is, grade 3) characteristics indicative of less differentiated and thus more aggressive tumors.
In summary, our studies demonstrate that loss of giant obscurins from breast epithelial cells results in major cytoskeletal and signaling alterations, which are essential for both local tumor formation and distant colonization, suggesting that giant obscurins may have tumor-and metastasis-suppressive roles.
MATERIALS AND METHODS Materials
Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA).
Cell culture
MCF10A stable clones expressing obscurin shRNA-1, obscurin shRNA-2 or control shRNA plasmids were generated and maintained as described. 11 Stable clones of obscurin shRNA-1 MCF10A cells were transiently transfected with HiPerfect using siRNA oligonucleotides for human TWIST1 (5′-TGGGATCAAACTGGCCTGCAA-3′), human SNAI2/SLUG (5′-CACACT GAGTGACGCAATCAA-3′) or Control-AllStars-1 (Qiagen, Hilden, Germany). Protein lysates were collected 24 h (for SNAI2) and 4 days (for TWIST1) posttransfection, at which time points we observed the highest downregulation for Snai2/Slug and Twist proteins, respectively. MCF10A stable clones expressing K-Ras were transfected with obscurin shRNA-1 or scramble control shRNA using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA); 1.5 μg/ml puromycin was added to the medium to select for stably transfected cells 3 days posttransfection. Chemically immortalized 184 A1 HMEC cells 43 were maintained in Mammary Epithelial Cell growth media supplemented with 0.005 mg/ml transferrin and 1 ng/ml cholera toxin at 37°C, 5% CO 2 . Cells were transiently transfected with HiPerfect using either an siRNA oligonucleotide (5′-AGAUUAUACUGG UUCAAAGAUGGCC-3′) targeting human obscurin Ig60 or a scramble control siRNA (Origene Technologies, Rockville, MD, USA). Protein lysates were collected at 72 h posttransfection, at which time point we consistently observed 470% downregulation of the expression levels of giant obscurins.
Antibodies
The antibodies used were as follows; rabbit polyclonal: obscurin Ig65/66 (600 ng/ml), 33 obscurin-Ig58/59 (2 μg/ml) that was generated using a mouse GST-Ig58/59 fusion protein (amino acids 5218-5390, accession number: NP_954603), plakoglobin (11146-1-AP, Proteintech Group Inc., Chicago, IL, USA), myosin IIA (3403, Cell Signaling Technology, Danvers, MA, USA), twist (sc-15393, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), claudin-1 (4933, Cell Signaling Technology) and ZO-1 (5406, Cell Signaling Technology); mouse monoclonal: β-catenin (sc-7963, Santa Cruz Biotechnology), connexin-43 (13-8300, Invitrogen), p120 catenin (ab11508, Abcam, Cambridge, MA, USA), glyceraldehyde 3-phosphate dehydrogenase (AM4300, Applied Biosystems, Carlsbad, CA, USA); rabbit monoclonal: E-cadherin (3195, Cell Signaling Technology), α-catenin (ab51032, Abcam), vimentin (5741, Cell Signaling Technology) and slug (9585, Cell Signaling Technology).
Human samples and immunohistochemistry
Human breast cancer tumor microarray slides containing paraffinembedded invasive ductal breast carcinoma and age-, sex-, and gradematched normal tissue were examined (US Biomax Inc., Rockville, MD, USA). In particular, we analyzed 10 biopsies of IDC grade-1, 35 biopsies of IDC grade-2, 6 biopsies of IDC grade-3 and 3 biopsies of invasive lobular carcinoma grade-2. Tissue sections were deparaffinized in xylene, rehydrated with graded alcohol washes and subjected to antigen retrieval using 10 mM sodium citrate. Following washes in TBS (Tris borate saline) containing 0.025% Triton X-100 (TBST), sections were blocked with 10% normal goat serum and 1% bovine serum albumin (BSA) in TBS for 2 h. Slides were incubated with the rabbit polyclonal obscurin Ig58/59 antibody diluted in TBS containing 1% BSA and incubated overnight at 4°C. Sections were subsequently washed with TBST and incubated for 2 h with goat anti-rabbit Alexa Fluor-568 secondary antibody (LifeTechnologies, Carlsbad, CA, USA). Following extensive washes in TBST, slides were mounted with ProLong Gold Antifade Reagent with 4,6-diamidino-2phenylindole (LifeTechnologies) and analyzed in a LSM510 confocal microscope (Carl Zeiss MicroImaging, Thornwood, NY, USA) under × 40 magnification.
Generation of protein lysates and western blotting
Age-, stage-and sex-matched human normal and breast cancer biopsies were commercially obtained (ILSbio, Chestertown, MD, USA). Tissue homogenates were prepared on ice with a hand-homogenizer in radioimmuno-precipitation assay buffer supplemented with a cocktail of protease inhibitors (Roche, Mannheim, Germany) and phosphatase inhibitors (200 nM Imidazole, 100mM Sodium Flouride, 115 mM Sodium Molybdate, 100 mM Sodium Orthovanadate, 400 mM Sodium Tartrate Dihydrate, 100 mM β-Glycerophosphate, 100 mM Sodium Pyrophosphate and 10 mM EGTA), as previously described. 44 Protein lysates were electrophoresed on sodium dodecyl sulfate-NuPAGE gel (Invitrogen), transferred to nitrocellulose membranes and probed with primary antibodies as specified in the text. Alkaline phosphatase-conjugated antimouse or anti-rabbit IgG (1:3,000; Jackson ImmunoResearch, West Grove, PA, USA) were used, and immunoreactive bands were visualized with a chemiluminescence detection kit (Applied Biosystems). The relative abundance of immunoreactive bands was determined with densitometry using the Image J software (NIH, Bethesda, MD, USA).
Mammosphere culture
Single MCF10A cells stably transduced with obscurin shRNA-1, obscurin shRNA-2 or scramble control shRNA were plated in ultralow attachment plates (Corning, Lowell, MA, USA) at a density of 10 000 viable cells/ml in serum-free growth media (Dulbecco's modified Eagle's medium/F12 with GlutaMAX), supplemented with insulin (10 μg/ml), hydrocortisone (0.5 μg/ml), cholera toxin (100 ng/ml), epidermal growth factor (20 ng/ml), 1% penicillin-streptomycin and puromycin (1.5 μg/ml). Cultures were Role of giant obscurins in breast cancer M Shriver et al supplemented with serum-free growth media every other day for 14 days at which time point primary spheres were measured and those 4100 μm were counted as tumor spheres. Mammospheres were then collected by gentle centrifugation (800 r.p.m.) and dissociated enzymatically (2 min in 0.25% trypsin-EDTA (1 × ); Invitrogen) and mechanically using a sterile pipette. To evaluate secondary mammosphere-forming efficiency, dissociated cells obtained from primary mammospheres were seeded at one cell per well into 96-well ultralow attachment plates (Corning). Cells were grown as described above for 14 days, and the number of secondary mammospheres per well with sizes of 50-100 μm was counted. Sphereforming efficiency was calculated as the number of spheres formed divided by the original number of single cells seeded and were expressed as percentage.
Fluorescence activated cell sorting CD24 and CD44 expression was analyzed in MCF10A cells stably expressing obscurin shRNA-1 grown in a monolayer or in mammospheres. Cells were dissociated following incubation in trypsin/EDTA combined with manual trituration using a Pasteur pipette and pelleted by centrifugation at 1000 g for 10 min. Cells were resuspended in phosphate-buffered saline (PBS) with 0.1% BSA (wt/vol). Cell suspensions were incubated with mouse antihuman CD44-APC antibody (BD Pharmigen, San Jose, CA, USA) and mouse anti-human CD24-PE antibody (BD Pharmigen) for 30 min at 4°C. All flow cytometry assays were performed using a BD FACSCalibur, and data analysis was accomplished using the BD CellQuest Pro software (BD Biosciences, Bedford, MA, USA).
AlamarBlue assay
Cell growth of MCF10A obscurin-KD and control cells was measured using the AlamarBlue assay (LifeTechnologies). AlamarBlue reagent was added to the cell culture at 10% v/v and incubated for 16 h at 37°C, 5% CO 2 . The percentage (%) of AlamarBlue reduction was determined by measuring absorbance at 550 and 620 nm. Data are presented as the percentage of AlamarBlue reduced per number of cells.
Immunofluorescence combined with confocal microscopy Cells were fixed with freshly prepared 3.7% paraformaldehyde, permeabilized with 0.25% Triton X-100 in PBS containing 1 mg/ml BSA (PBS/BSA) and blocked with 5% normal goat serum. Cells were subsequently incubated overnight at 4°C with primary antibodies as specified in the text, counterstained with goat anti-rabbit Alexa Fluor-568 or goat anti-mouse Alexa Fluor-568 IgG (LifeTechnologies) at a 1:200 dilution and analyzed in a LSM510 confocal microscope (Carl Zeiss) under × 63 magnification.
RNA isolation, cDNA synthesis and PCR Amplification
Total RNA was isolated from cultured cells with the TRIzol reagent (Invitrogen) and reverse-transcribed using the SuperScript III First-Strand Synthesis Kit (Invitrogen). PCR amplification was performed with GoTaq Green Master Mix (Promega), using the primer sets listed in Supplementary  Table S1 . All amplicons were purified and sequenced.
Fluorescence recovery after photobleaching FRAP was used to analyze actin molecule dynamics in living cells. Cells were transfected with LifeAct-GFP using Lipofectamine 2000 (Invitrogen) and re-plated onto collagen-coated glass coverslips with polydimethylsiloxane (PDMS) barriers to retain cell media. After allowing the cells to adhere and form a monolayer for 24 h, coverslips with cells were positioned on the stage of a Zeiss LSM 510 META laser scanning confocal microscope (Carl Zeiss). A circular region of interest at the cell-cell borders with 4-μm diameter was photobleached using a 488-nm laser at 100% power. Images were captured at maximum rate (2.15 second intervals) before and after photobleaching using a × 63/1.4 NA oil objective and the LSM software (version 4.2, Carl Zeiss). Image J was used to analyze fluorescence intensity in the photobleached region as a function of time using the 'Plot Z-axis profile' function. In non-fluorescent regions of the image, background fluorescence as a function of time was measured to be zero using the same method. At least 20 images of the cell-cell borders per cell group were analyzed. Intensity within the photobleached region was normalized such that an intensity value of one corresponded to the mean fluorescence intensity of five prebleach images, while an intensity value of zero corresponded to the fluorescence intensity just after photobleaching.
Data for fluorescence intensity as a function of time (I(t)) were fit to the following standard equation for binding kinetics:
, where I final is the mobile fraction of actin molecules, and τ is related to the half-life (τ 1/2 ) by the following formula: τ 1/2 = − ln(0.5)/τ.
Migration in 2-dimensional substratum using LifeAct-GFP
To image actin dynamics live during cell migration, MCF10A cells were transfected with LifeAct-GFP using Lipofectamine 2000. Two days after transfection, cells were plated onto type 1 collagen-coated glass coverslips (20 μg/ml in PBS), allowed to adhere overnight and imaged at 2-min intervals for~4 h using an automated Nikon fluorescence microscope (×20 objective) (Nikon, Tokyo, Japan).
Wound-healing and invasion assays
Wound healing was measured by growing confluent cell monolayers as described above in six-well tissue culture dishes (Corning) that were uncoated or precoated with human fibronectin (BD Biosciences) or collagen type I (BD Biosciences). A scrape was made through the monolayer with a sterile plastic pipette tip, and fresh media was added. Images were taken with an inverted microscope (×10 objective) at time zero and after a 12-h incubation period at 37°C, 5% CO 2 . Migration was expressed as the average of the difference between the measurement at time zero and 12 h obtained from three independent experiments. Invasion was measured by adding 250 000 cells suspended in 0.5 ml growth media to the upper chamber of a Matrigel-coated Invasion Chamber (BD Biosciences). The lower chamber contained growth media with 10% fetal bovine serum. The inserts were incubated at 37°C, 5% CO 2 for 16 h. At the end of the 16-h incubation period, the cells that had invaded the lower chamber were fixed and stained with 0.5% crystal violet in 20% methanol. The number of invaded cells was quantified by counting at least six random fields from three independent experiments under an inverted light microscope (Olympus IX51, Center Valley, PA, USA) with a × 10 objective.
Fabrication of the microchannel device
The microchannel device was fabricated by standard lithography, as previously described. [15] [16] [17] [18] Briefly, SU-8 photoresist was spin coated onto a silicon wafer to a thickness of 10 μm and cross-linked by exposure to ultraviolet light through a photomask with variable transparent separation distances, ranging from 3 to 50 μm. Developer was used to remove noncrosslinked photoresist. This process was repeated with a 50-μm-thick layer of SU-8 and a second mask containing two 400-μm-wide channels spaced 200-μm apart. PDMS was prepared at a 10:1 ratio with curing agent poured over the silicon master and degassed in a vacuum chamber for 2 h. The PDMS was baked at 85°C for 1 h, peeled off the master, cut to appropriate size and pierced to form inlet and outlet ports. The PDMS device and 75-mm glass coverslips were treated with oxygen plasma for 3 min and irreversibly sealed together upon contact, forming four-walled microchannels. The surface of the PDMS microchannels was functionalized by adding type-1 collagen (20 μg/ml in PBS) to the ports of the device and incubating for 1 h at 37°C.
Microchannel seeding and cell migration
Cells were trypsinized, resuspended in serum-free media to neutralize the trypsin and subsequently washed in serum-free media. A suspension of 1 × 10 5 cells was added to the inlet port, and cells were transported along the seeding channel by pressure-driven flow. Within 5 min, the cell suspension was removed and replaced with 50 μl of serum-free media, which was also added to the upper inlets. Serum-containing media was added to the top-most inlet port, thus forming a chemoattractant gradient. A thin layer of (CO 2 -permeable) PDMS was placed over the chamber inlet and outlet ports to prevent media evaporation during imaging. Chambers were placed in an enclosed, humidified microscope stage at 5% CO 2 and 37°C (TIZ, Tokai Hit Co., Shizuoka, Japan). Phase-contrast time-lapse images were captured at 10-min intervals for 14 h on an inverted Nikon microscope (×10 objective) at multiple stage positions via stage automation (Nikon Elements, Nikon). Cell's x, y position within the microchannel was identified as the midpoint between the poles of the cell body and tracked as a function of time using ImageJ. Cell velocity and chemotactic index were computed using a custom-written Matlab program (The MathWorks, Natick, MA, USA). Instantaneous cell velocity was calculated by dividing each interval displacement by the time interval (10 min), and the mean velocity for a given cell was computed by averaging instantaneous velocities for all time intervals. Chemotactic index was calculated by dividing the end-to-end displacement by the total path length of the cell. The reported velocity and chemotactic index for each condition is the mean of the pooled cells from three independent experiments.
Mice
All experimental procedures complied with guidelines provided by the Office of Laboratory Animal Welfare at the National Institutes of Health, and all protocols were approved by the Johns Hopkins University Animal Care and Use Committee. Adult NSG mice (male and female) were used as tumor recipients for mouse experiments (Stock 5557, Jackson Labs).
Subcutaneous injections
Suspensions of 2 × 10 6 cells in 100 μl Matrigel were injected subcutaneously into the flank of mice (eight per experimental group). Tumors were measured in three dimensions with an electronic digital caliper. Tumor volume was calculated as described (L) × (W) × (H) × π/6. 45 Animals were euthanized 9 weeks postimplantation.
Tail vein injections
Mice (six per experimental group) were injected with 1 × 10 6 cells in a volume of 50 μl of culture media via the tail vein. Animals were euthanized 9 weeks postinjection. 23 
Histopathology of lung tissue
Lungs and other tissues were examined visually for lesions and metastatic foci. Lung samples for pathology were fixed in 10% buffered formalin. The left lung lobe was used for hLINE analysis, and the remaining lobes were embedded in a single cassette and sectioned for histopathological analysis of metastastatic foci. 24, 46 Samples were embedded in paraffin, sectioned at 5 μm and stained with hematoxylin and eosin using the standard techniques. Primary tumors were scored 0-3 based on size and 0-3 based on extent of necrosis in each tumor by histopathology. Scores were totaled, and individual tumors were graded as follows: grade 1 = total score of 1-2; grade 2 = total score of 3-4; and grade 3 = total score of 5-6. Tissue collection, histopathology analysis and grading were performed by a pathologist (DLH).
Quantification of hLINE-1 gene
DNA was extracted from mouse tissue as previously described 22, 24 using the DNeasy blood and tissue kit (Qiagen, Valencia, CA, USA) in a sterile biological safety cabinet to minimize the risk of human DNA contamination. Elutions were analyzed via quantitative PCR as reported previously. 46 Briefly, quantitative PCR was performed in 15-μl volume with the following components: 7.5 μl iQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), 
Reproducibility and statistics
All experiments were performed in triplicates a minimum of three times, unless otherwise noted, and data are presented as mean values of independent measurements. Statistical significance was assessed using the Student's t-test.
